Site-specific antibody-drug conjugates (ADCs) are designed to overcome the heterogeneity observed with first-generation ADCs that use random conjugation to surface-exposed lysine residues or conjugation to interchain disulfide bonds. Despite significantly enhanced homogeneity, however, the production of site-specific ADCs yields some process-related species heterogeneity, including stereoisomers, unconjugated antibody, underconjugated species, and overconjugated species. An elevated level of size variants, such as heavy chain-light chain species (half ADC), heavy chain-heavy chain-light chain species, and light chain species, is also observed with the final site-specific ADC product. To understand the root cause of heterogeneity generated during the ADC conjugation process, we designed time-course studies for each conjugation step, including reduction, oxidation, conjugation, and quenching. We developed both non-reduced peptide map and LabChip-based capillary electrophoresis sodium dodecyl sulfate methods for time-course sample analysis. On the basis of our time-course data, the half ADC and unconjugated antibody were generated during oxidation as a result of alternative disulfide bond arrangements. During oxidation, two hinge cysteines formed an intra-chain disulfide bond in the half ADC, and three inter-chain hinge disulfide bonds were formed in the unconjugated antibody. Timecourse data also showed that the elevated level of size variants, especially heavy chain-heavy chain-light chain species and light chain species, resulted from the quenching step, where the quenching reagent engaged in a disulfide bond exchange reaction with the ADC and broke the disulfide bonds connecting the heavy chain and light chain. Underconjugated and overconjugated species arose from the equilibrium established during the conjugation reaction.
Introduction
Although chemotherapy has historically been used as the primary treatment against cancer, its efficacy is hampered by a lack of specificity. Antibody-drug conjugates (ADCs) improve specificity and widen the therapeutic window by combining the specificity of antibodies with the high potency of cytotoxic drugs. Since their introduction in the mid-1990s, ADCs have undergone substantial improvements in molecular designs and manufacturing processes, and, as a consequence, the number of ADCs assessed in clinical studies has increased. 1-5 As of 2017, approximately 90 ADCs were under assessment in clinical studies, 1 and four were approved: gemtuzumab ozogamicin, 6, 7 brentuximab vedotin, 8 trastuzumab emtansine, 9 and inotuzumab ozogamicin. 10 Lysine modification, one of the conjugation methods used to produce first-generation ADCs such as gemtuzumab ozogamicin, trastuzumab emtansine, and inotuzumab ozogamicin, generates a complex heterogeneous mixture of species with variable drug-to-antibody ratios (DARs). For example, species with DARs of 0 to 7 have been observed with trastuzumab emtansine, 11 and approximately 50% unconjugated antibody and species with DARs of 4 to 6 were detected with gemtuzumab ozogamicin. 7 In addition, due to the availability of many conjugatable lysine sites, any two conjugates with the same DAR are likely regioisomers. One study estimated that there were 4.5 million unique molecules for a lysine-conjugated ADC, with DARs ranging from 0 to 6 and 40 of 86 lysine residues conjugated to some degree. 12 Such heterogeneity might have contributed partially to the low efficacy and possible toxicity observed in Phase 3 studies of gemtuzumab ozogamicin, which led Pfizer to remove this agent voluntarily from the market 10 years after it was first approved. 13 Because fewer conjugable cysteines are available in an antibody, ADC manufacturers have employed cysteine modification to reduce the heterogeneity observed with lysine-based ADCs. In the conventional cysteine conjugation process used to produce the first-generation ADC brentuximab vedotin, the four interchain disulfide bonds in the immunoglobulin G1 molecule were reduced selectively, generating eight potential conjugation sites. 14 The intrachain disulfide bonds remained untouched during the optimized reducing condition because they were buried and inaccessible to solvent. Despite the significantly reduced heterogeneity for the cysteineconjugated ADC, the final product still contained variants with DARs between 0 and 8, and there were several possible structures with the same DAR.
Despite the success of some first-generation ADCs, their complex heterogeneity has been associated with several problems, including suboptimal therapeutic index, higher clearance rates for high-DAR species, narrower therapeutic windows, and poor stability. [15] [16] [17] To overcome these challenges, the biotechnology and pharmaceutical industries have designed and developed second-generation, site-specific ADCs. The production of site-specific ADCs precisely controls not only the average DARs but also the number of unique conjugation sites. Compared with the production of first-generation ADCs, which yields thousands to millions of different structures, the production of second-generation ADCs yields only a few unique structures, which presumably can be optimized, developed, and manufactured more easily.
Numerous approaches have been developed to generate site-specific ADCs. [18] [19] [20] [21] One approach achieves site-specific conjugation by incorporating unnatural amino acids. 22, 23 Although this approach could use a wide variety of bioorthogonal ligation reactions with minimal structure perturbation, the technology is complicated. A second approach takes advantage of enzymatic or chemoenzymatic reactions to generate site-specific ADCs, [24] [25] [26] but the enzymatic conversion efficiency is site dependent. A third approach, which achieves conjugation through inter-chain disulfide bonds or engineered cysteines, has been adopted widely by the pharmaceutical industry because of its simplicity, fast conjugation reactions, and minimal structure perturbation.
Three conjugation strategies have been used to produce cysteine-based, site-specific ADCs. One approach generates site-specific ADCs by replacing four inter-chain disulfide bonds with disulfide-bridging reagents. 27, 28 This approach has reduced the heterogeneity of the final products significantly by reducing the maximum number of attachable payloads from 8 to 4. Another approach generates site-specific ADCs by using site-directed mutagenesis to introduce reactive, surfaceaccessible cysteines at specific residues. 29 This method yields site-specific ADCs with a DAR of 2 (vc-PAB-MMAE linker/ payload) and high purity, providing comparable efficacy but significantly lower toxicity in vivo. An alternative approach, which inserts reactive cysteines into the hinge region rather than relying on cysteine mutagenesis, is an efficient method to prepare site-specific ADCs. 30 The third approach, which was reported recently, selectively conjugates π-clamp, the unique amino acid sequence FCPF within the antibody, with perfluoro-aromatic reagents containing the drug payload. 31 Second-generation, site-specific ADCs display significantly enhanced homogeneity, compared with first-generation ADCs. For example, ADC-A, the site-specific ADC used in this study, has one additional cysteine inserted into the hinge region of each heavy chain, resulting in two additional cysteines in the hinge region. 30 Thus, the hinge region contains three pairs of cysteines: two pairs, which originated from the initial immunoglobulin G1 antibody and form inter-chain disulfide bonds between two heavy chains; and the pair of cysteines inserted as the site for drug conjugation. Because the inserted cysteines are the only conjugation sites, this design is expected to generate only one kind of desired ADC molecule with a DAR of 2.
ADC conjugation is a complex process that includes multiple steps: reduction, oxidation, conjugation, and quenching. 19 With ADC-A, the reduction step removes the cysteinylation capping of the two inserted cysteines and makes them available for conjugation. The oxidation step is needed to re-establish the disulfide bond between the two heavy chains and the disulfide bond between the light and heavy chain. At the same time, the two inserted cysteines are maintained as free thiols and remain available for thiol maleimide conjugation. The conjugation step attaches the drug payload to the two free-inserted cysteines. The quenching reaction consumes any unreacted payload. As a result of this complex process, some heterogeneous species are still observed with site-specific ADCs.
Here, we report the heterogeneous species, such as unconjugated antibody, underconjugated and overconjugated species, stereoisomers, and size variants, that we observed during production of ADC-A. We also report the results of timecourse studies we conducted to explore the potential causes of heterogeneity at each conjugation step.
Results
Conjugation heterogeneity observed for the site-specific ADC ADC structures with a target DAR of 2 In the hydrophobic interaction chromatography (HIC) profile for ADC-A and its corresponding monoclonal antibody (mAb) intermediate, clear differences were observed between the mAb intermediate, which appeared as one main peak, and the ADC, which appeared as multiple peaks ( Figure. 1A, B ). Because the ADC was distributed among multiple peaks in a broad retention time, the intensity for each ADC peak was significantly reduced, compared with the intensity of the peak for the mAb intermediate. However, the total peak areas for ADC (after subtracting payload absorbance) and the mAb intermediate were comparable, indicating that no ADC sample was lost during HIC. The change in the HIC profile from a single peak for the mAb intermediate to multiple peaks for the ADC indicated that heterogeneous species were generated during the conjugation process. Peaks 3, 4, and 5 were three major peaks that eluted close to each other in the chromatogram. Intact mass measurement indicated that the masses for those peaks were similar, and all these masses matched the theoretical mass of ADC-A, with a DAR of 2, within the mass error range of intact mass measurement (Table 1) . Nonreduced peptide mapping analysis showed the same hinge peptides, H15-H15 (2SS, 2Drug), for the peaks 3, 4, and 5 fractions ( Table 1 ). The appearance of peptide H15-H15 (2SS, 2Drug) was consistent with the design of the ADC-A structure, with its target DAR of 2, and with the antibody-drug conjugation through the two cysteines inserted into the hinge region (Table 1, Designed DAR2 ADC). This agreement suggested that peak 3, 4, and 5 could be structural variants for ADC-A. No noticeable differences in structure were observed among the peak 3, 4, and 5 fractions as determined by multiple physicochemical analyses such as DAR measurement by reverse-phase high-performance liquid chromatography (RP-HPLC), aggregation analysis by sizeexclusion chromatography (SEC), charge profile analysis by ion-exchange chromatography, fragment analysis by capillary electrophoresis sodium dodecyl sulfate with nonreduced (nrCE-SDS) and reduced (rCE-SDS) sample preparations, and post-translational modification analysis by peptide mapping. Potency assay data revealed similar antigen binding activities of 102%, 108%, and 101% for peaks 3, 4, and 5, respectively. The cytotoxicity assay data also showed similar cytotoxicity, at 102%, 99%, and 100% for peaks 3, 4, and 5, respectively. The fractions eluted from these peaks differed only in their retention times, indicating differences in hydrophobicity.
The differing hydrophobicity of these three peaks despite the similarities in other properties might arise from the stereochemistry of maleimide-thiol conjugation. Following the maleimidethiol conjugation reaction for ADC-A, two stereoisomers, R and S, were formed (Scheme I). The presence of two conjugation sites yielded three possible stereoisomer combinations (R, R), (R, S), and (S, S). (R, S), the combination with the highest probability, likely corresponded to peak 4, which was the most intense. The three-dimensional orientation differences among these stereoisomer combinations may have led to different arrangements and interactions with the two payloads on the mAb surface, and thus to differences in surface hydrophobicity and separation by HIC. Otherwise, the three stereoisomer combinations would be expected to have similar properties such as aggregation, charge profiles, fragmentation, and bioactivities. Thus, no obvious differences would have been observed for these stereoisomer combinations by other analytical methods. Indeed, the results were compared with respect to aggregation, charge profiles, fragmentation, and bioactivities among the three major peaks, and we concluded that the coexistence of the three stereoisomer combinations would not be expected to affect the stability, efficacy, or safety of ADC-A.
Unconjugated antibody and underconjugated ADC species
The mass observed for peak 1 matched with the expected mass of unconjugated antibody. In the unconjugated antibody species, the two inserted cysteines could exist as free thiols or by forming additional disulfide bonds. As observed with nonreduced peptide mapping, the main hinge peptide from the peak 1 fraction was H15-H15 (3SS), which contained three disulfide bonds between two H15 peptides ( Table 1 , Unconjugated/Tri SS Bonds). This observation indicated that the two inserted cysteines in the unconjugated antibody species formed a disulfide bond. The peptide H15-H15 (2SS, 2SH), which would contain two disulfide bonds and two free cysteines and correspond to the unconjugated antibody structure with the inserted cysteine existing as free thiols, was not observed in the non-reduced peptide map. Thus, the inserted cysteine pair in the unconjugated antibody formed a disulfide bond, resulting in lack of free cysteines available for conjugation.
The mass measured for peak 2 suggested that this fraction contained underconjugated ADC-A with a DAR of 1 (Table 1 , DAR 1 ADC). Non-reduced peptide mapping data for the peak 2 fraction showed that the hinge peptide, H15-H15 (2SS, 1Drug, 1SH), contained two interchain disulfide bonds between the H15 peptides, one inserted cysteine that was conjugated, and the second-inserted cysteine unconjugated. This was consistent with a structure in which one inserted cysteine was conjugated with the drug payload and the other inserted cysteine existed as a free thiol. Potency assay data showed that the antigen binding of the underconjugated species in the peak 2 fraction was comparable with that seen with the species in the peak 3, 4, and 5 fractions, which each had a DAR of 2. Thus, payload conjugation did not affect antigen binding. However, the cytotoxicity for peak 2 was significantly reduced compared with that for peaks 3, 4, or 5 due to less payload per molecule.
We used RP-HPLC ( Figure 1C ) to characterize the underconjugated species further. The ADC was reduced into heavy chain species (H) and light chain species (L), which were separated from each other by reverse-phase chromatography based on differing hydrophobicity. Unconjugated light chain (L0) and conjugated heavy chain with only one drug payload (H1) were the major species for L and H, respectively. This result confirmed that conjugation occurred through the cysteines inserted into the heavy chain of the antibody. Approximately 9% of heavy chain were unconjugated H0, which was consistent with the approximate levels of underconjugated species (13%) and unconjugated species (2%) detected by HIC. Following reduction, underconjugated ADC generated one unconjugated H0 and one conjugated H1. Thus, the unconjugated heavy chain accounted for half the level of underconjugated ADC. Unconjugated antibody produced two unconjugated heavy chains H0 after reduction. This consistency illustrated that both HIC and RP-HPLC are suitable for monitoring the levels of unconjugated antibody and underconjugated ADC species.
Overconjugated ADC species RP-HPLC also revealed that overconjugated species, such as heavy chain with two drug payloads (H2) or light chain with one drug payload (L1), were generated during the conjugation process for the site-specific ADC-A ( Figure 1C ). Although HIC yielded no distinguished peaks for overconjugated species ( Figure 1A and B ), the peak 6 fraction appeared to be enriched for ADC species with DARs of 3 and 4 ADC (Table 1 , DAR3 and DAR4 ADC). However, ADCs with a DAR of 2 were still the major species observed in this fraction, and the overconjugated ADC species were the minor species. The intact masses observed for the overconjugated ADC species were not as accurate as those measured for other species, probably because of low intensity and interference from high-intensity DAR2 species.
The presence of overconjugated ADC species raised questions as to where the additional conjugation sites were located. Peptide mapping revealed several conjugation sites. For example, the two cysteines connecting H and L appeared to be conjugated to some extent, as illustrated by the detection of the peptides H14-Drug and L16-Drug. However, the extent of conjugation for these undesired conjugation sites was very low, which might explain why no distinct overconjugated species appeared in the HIC profile. In this respect, RP-HPLC, which could detect overconjugated species, was advantageous. Thus, the RP-HPLC method was more suitable for monitoring the conjugation because it could measure both underconjugated and overconjugated species.
Size variants observed for ADC The nrCE-SDS profiles for the ADC-A and the corresponding mAb intermediate showed elevated levels of fragments, such as heavy chain-heavy chain-light chain species (HHL), heavy chain-light chain species (HL) corresponding to half-ADC species, and light chain species (L), for the ADC ( Figure 1D ). Intact mass measurement also revealed masses corresponding to fragments (Table 1) . A mass corresponding to half the size of ADC-A was detected across all HIC fractions and starting materials. Additional nonreduced peptide map studies uncovered H15 (1SS, 1Drug), the peptide structure of the half-ADC. In this structure, an intrachain disulfide bond was formed within a single H15 peptide, preventing the formation of an interchain disulfide bond between two H15 peptides. The half-ADC structure might have contributed to the level of HL detected by nrCE-SDS in the ADC-A samples.
Intact mass measurement and nonreduced peptide mapping also revealed conjugated light chain and light chain capped with quench reagent (Table 1) . The conjugated lightchain L1 peak was also detectable by RP-HPLC ( Figure 1C ). The presence of both these fragments explain the elevated level of L detected by nrCE-SDS. Despite the appearance of HHL in the nrCE-SDS profile, intact mass measurement showed no direct evidence of these species. The absence of an HHL peak in intact mass measurement might arise from ion suppression by major heavy chain-heavy chain-light chain-light chain species (HHLL) species: HHL and HHLL may have similar hydrophobicity, and therefore coelute during intact mass measurement.
It is worth noting that the elevated level of ADC fragments was detectable only by nrCE-SDS, which relies on samples prepared under denaturing conditions. Other methods used to monitor size variants, such as SEC ( Figure 1E ) and analytical ultracentrifugation (AUC) ( Figure 1F ), did not show an elevated level of fragments. The monomer peak percentages observed with both SEC and AUC were greater than 99%. Only 0.1% and 0.6% of the ADC fragments were detected by SEC and AUC, respectively. Because these methods used samples prepared under native conditions, it is likely that under these conditions, HL, HHL, and L were held together by noncovalent interactions, and that these fragments would not have a functional impact. Indeed, when bioactivity was evaluated for ADC-A samples with fragment levels ranging from approximately 15% to more than 90%, there were no significant differences in antigen binding or cytotoxicity across these samples.
Time-course studies
The heterogeneity observed with ADC-A most likely arises from the complex conjugation process. We thus needed to determine where in the process heterogeneity was introduced and the rate at which it builds up to optimize the conjugation process and minimize the formation of undesired species. To achieve this, we conducted time-course studies for each step in the conjugation workflow (see supplementary material for conjugation scheme). Analyses of the samples generated from the time-course studies used the LabChip GX Protein Characterization system (GX), which provided overall pictures of species linked by interchain disulfide bonds, and nonreduced peptide mapping, which provided detailed information for each disulfide bond.
Reduction time-course study As shown by the GX data (Figure 2A) , the starting material, HHLL or whole antibody species, was consumed quickly during the reduction reaction. HHL, heavy chain-heavy chain species (HH), and HL were the intermediates generated during reduction. Their concentrations increased initially, then decreased eventually to low levels. H and L were the final products. Significant levels of HHL, HH, and HL were present at the end of reduction under "Red" reduction condition, but not under "Green" or "Blue" reduction conditions (Figure 2A ) (the reducing agent concentration: "Red" < "Blue" < "Green"). Different reduction conditions yield different reaction rates for starting material, intermediates, and final products.
Generally, the nonreduced peptide map data agreed well with the GX data ( Figure 2B ). The interchain disulfide bonds from the starting material, namely the disulfide bond linking light chain and heavy chain (peptide L16-H14(1SS)) and the disulfide bond between two heavy chains (peptide H15-H15 (2SS, 2Cys)), decreased during reduction. At the same time, peptides representing the final light chain and heavy chain products, L16(1SH) and H15(3SH), increased as reduction progressed. Nonreduced peptide map data of the intermediate peptides, H15-H15(2SS, 1Cys, 1SH) and H15-H15(2SS, 2SH), showed the sequence by which cysteinylation was removed from the two inserted cysteines. By the end of reduction, the level of cysteinylation declined substantially under "Blue" and "Green" reduction conditions ( Figure 2B ). However, a substantial level of cysteinylated peptides remained by the end of reduction reaction under "Red" conditions, consistent with the GX data showing a high level of HHL, HH, and HL intermediate species under these conditions.
Nonreduced peptide mapping data also indicated the presence of peptide H15-H15(3SS), the unconjugated antibody structure containing three disulfide bonds ( Figure 2B , Table 1 ), and its disappearance during reduction reaction. These data also suggested that a half-antibody structure, peptide H15(1SS, 1SH), was generated during reduction and further reduced eventually to H and L by the end of reaction. Although unconjugated antibody and half antibody did exist during the reduction process, they were eventually reduced to H and L, which indicated that the reduction reaction did not contribute to the heterogeneity seen with the final ADC product.
Oxidation time-course study As expected, the H and L products from the reduction step were consumed quickly during the oxidation reaction ( Figure 3A) . The level of HHLL, the final product from oxidation, reached a plateau by the end of the reaction. The levels of HH and HHL, the oxidation reaction intermediates, increased initially and were consumed eventually to very low levels. The level of another intermediate, HL, also increased initially and decreased after it reached its maximum, but the remaining level of 10% was higher than that for HH and HHL and was steady through the end of the reaction. The HL intermediate generated during oxidation is likely the main source for the conjugated HL species (half-ADC) found in the final product.
Nonreduced peptide map data showed two peptides related to the desired product: peptide L16-H14(1SS), which contained a disulfide bond connecting the unconjugated heavy and light chains, and peptide H15-H15(2SS,2SH), which contained disulfide bonds connecting the two unconjugated heavy chains and two free-inserted cysteines ( Figure 3B ). The levels for both peptides reached a plateau early in the oxidation reaction, around 40% of total reaction time, indicating that the disulfide bonds were rebuilt successfully. Of note, the level of peptide H15-H15(2SS,2SH) decreased slightly after it reached its maximum. This decrease resulted from further oxidation of peptide H15-H15(2SS,2SH) to triple-disulfide-bond peptide structure H15-H15(3SS) (corresponding to unconjugated antibody in final ADC product). This finding was confirmed by the time-course profile of peptide H15-H15(3SS), where the level of this peptide increased continuously during oxidation. Different oxidation conditions generated different time-course profiles. As shown in Figure 3B , for example, the level of H15-H15(2SS,2SH) decreased faster from its maximum level, and the level of H15-H15(3SS) increased faster, under the "Blue" oxidation condition than under the "Red" oxidation condition (oxidizing agent concentration: "Red" < "Blue").
The level of peptide H15 (1SS, 1SH), which corresponded to unconjugated HL, reached a plateau during oxidation. This plateau resulted from the formation of an intrachain disulfide bond between the two hinge cysteines in same heavy chain and their subsequent unavailability to form interchain disulfide bonds between the two heavy chains. Thus, the peptide map data were consistent with the GX profile for HL, which declined to 10% and remained there through the remainder of the oxidation reaction.
Conjugation time-course study
The GX data for the conjugation time course study revealed four peaks corresponding to HHLL, HHL, HL, and L ( Figure 4A ). These peaks remained fairly consistent during conjugation. Slight increases in HHLL and decreases in HL were observed, but those differences fell within the variation associated with the GX assay itself, so no unambiguous conclusions could be made about them. The slight increases of HHLL and decreases of HL might be explained by differences in the absorbance associated with the payload. After conjugation, two drug payloads were attached to HHLL, and only one payload was attached to HL. Because of this difference, HHLL showed more absorbance compared with HL.
On the nonreduced peptide map for the conjugation time-course study ( Figure 4B ), levels of peptide H15-H15 (2SS,2Drug), the peptide related to the desired conjugated product, reached its plateau very quickly and remained almost unchanged throughout the rest of the reaction. Undesired underconjugated species (related peptide: H15-H15(2SS,1SH,1Drug)) and overconjugated species (related peptide H14(1Drug) and L16(1Drug)) were also detected. Like the level of the desired peptide, the levels of these undesired species quickly reached a plateau and stayed almost unchanged through the rest of the reaction. These profiles indicate that longer conjugation times would not have changed the final composition of conjugation product and suggest that the conjugation reaction quickly reached equilibrium. However, the state of equilibrium differed based on conjugation conditions. More of the DAR2 product and less of the underconjugated species were generated under "Blue" conjugation conditions than under "Red" conjugation condition (payload concentration: "Red" < "Blue"). However, more overconjugated species were also generated under "Blue" conditions. Thus, conjugation reaction conditions should be optimized to balance the levels of underconjugated and overconjugated species.
The half-antibody species generated during oxidation was converted to half-ADC peptides during conjugation. The level of the unconjugated antibody generated during the oxidation step increased slightly during the conjugation reaction, most likely as a result of continuous oxidation during conjugation step.
Quenching time-course study Surprisingly, the GX data showed that the level of intact ADC, represented here by HHLL, decreased initially and then stabilized by a certain time point ( Figure 5A ). The decrease in intact ADC occurred more rapidly under "Blue" quenching conditions than under "Red" quenching conditions (quenching agent concentration: "Red" < "Blue"), but it was significant under both conditions. The level of ADC fragments, as represented by HHL, HH, HL, and L, increased as the quenching reaction progressed, until a plateau was reached. Consistent with the rate at which intact ADC declined, fragment-generation occurred more rapidly under "blue" conditions than under "red" conditions. Nonreduced peptide map data revealed the generation of new peptides during quenching ( Figure 5B) , which were the results of disulfide bond exchange reaction occurred during this step. The peptide L16 (1 Quench Cap), in which a molecule of quenching reagent was connected to a lightchain peptide through a disulfide bond, was not detected before the quenching step. The level of L16(1 Quench Cap) increased and reached a plateau during the quenching step. Consistent with this change, the level of corresponding peptide L16-H14(1SS) in which a disulfide bond connected L and H decreased slightly in the early stages of the quenching reaction. These changes indicated that the disulfide bond H15 is the hinge peptide containing three cysteines: two that form interchain disulfide bonds between the two heavy chains, and another engineered cysteine designed for conjugation. H14 and L16 are peptides containing cysteines that connect the antibody heavy chain and light chain. H15 (3SH) and L16 (1SH) are the starting products for the oxidation reaction. H15-H15 (2SS, 2SH) and L16-H14 (1SS) are the desired final products of the oxidation reaction and contain disulfide bonds between the two heavy chains (H15-H15 (2SS, 2SH)) or the heavy and light chain (L16-H14 (1SS)). H15-H15 (1SS, 4SH), intermediate with one disulfide bond between two H15 peptide and four free cysteine; H15-H15 (3SS), undesired product containing three disulfide bonds, which correspond to the unconjugated antibody in the final ADC product; H15 (1SS, 1SH), undesired product corresponding to half-antibody, which is converted to half-ADC in the final ADC product. between L and H was reduced during the quenching reaction and that part of L16-H14(1SS) was converted into L16(1 Quench Cap). The possible mechanism was a disulfide bond exchange reaction between L16-H14(1SS) and the quench reagent (Scheme II). According to this mechanism, new peptides L16 (1 Quench Cap) and H14 (1 Quench Cap) were generated, and peptide L16-H14(1SS) was consumed. H14 (1 Quench Cap) was not detected by our peptide map method because it was too small and too hydrophilic to be retained on column.
The quench reagent also appeared to react with the hinge disulfide bonds between the two heavy chains in the ADC. A new peptide, H15-H15 (2SS, 1SH, 1 Quench Cap), appeared and reached a plateau during quenching, whereas the level of the corresponding triple-disulfide bond peptide H15-H15 (3SS) decreased initially, then reached equilibrium, indicating that one disulfide bond between two H was exchanged with quenching reagent. The quenching reagent also appeared to react with the intradisulfide bond in the half-ADC, as illustrated by an increase in a new peptide, H15(1Drug, 1SH, 1 Quench Cap), and a decrease in peptide H15 (1SS, 1Drug). No significant changes were observed for peptides related to other species such as underconjugated or overconjugated species, indicating that the quenching reaction did not change those heterogeneities.
Disulfide bond exchange reaction also explained our GX data. The decrease in intact ADC (HHLL) resulted from the consumption of the disulfide bond between H and L or between two H by disulfide bond exchange with molecules of quenching reagent. Likewise, the increase in HHL, HL, HH, and L fragments resulted from disulfide bond exchange reaction.
Discussion
Overall, the heterogeneous species observed for our model ADC-A molecule included stereoisomers for the target ADC, which all had DARs of 2; unconjugated antibody; underconjugated species, which had a DAR of 1; overconjugated species, which had DARs of 3 and 4; and the size variants half-ADC, HHL, and L. The impact of this heterogeneity on ADC-A bioactivities varied among species. The stereoisomers of the target ADC showed similar bioactivity because the stereoisomers were not expected to affect the functionality of ADC. Size variants (half ADC, HHL, L) also did not show an impact on ADCmediated bioactivity, which was expected because these fragment species bind together through noncovalent interactions under native conditions. On the other hand, the underconjugated and overconjugated species showed noticeable differences in ADC-mediated bioactivities, primarily due to payload differences.
To understand the root cause of the heterogeneity generated during the ADC conjugation process, we conducted time-course studies for each step in the conjugation workflow. These studies provided more detail about the conjugation process. For example, the distinct differences we observed between the different reduction conditions illustrated the power of the time-course study in process optimization. Reduction time-course data indicated that certain reduction H15 is the hinge peptide containing three cysteines: two that form interchain disulfide bonds between the two heavy chains, and another engineered cysteine designed for conjugation. H14 and L16 are peptides containing cysteines that connect the heavy chain and light chain. H15-H15 (2SS, 2Drug) is the desired product from the conjugation reaction. L16-H14 (1SS), peptide containing a disulfide bond between the light chain and heavy chain; L16 (1 Quench Cap), L16 attached to a molecule of quenching reagent; H15-H15 (3SS), triple-disulfide bond peptide structure (unconjugated antibody); H15-H15 (2SS, 1SH, 1Quench Cap), triple-disulfide bond structure with a molecule of quenching reagent attached; H15 (1SS, 1Drug), half-ADC; H15 (1Drug, 1SH, 1Quench Cap), half-ADC with a molecule of quenching reagent attached; H15-H15 (2SS, 1SH, 1Drug), underconjugated ADC.
Scheme II. Disulfide bond exchange reaction. The free thiol of quenching reagent reacts with disulfide bond in ADC, which breaks the disulfide bond in ADC and attaches quenching reagent to heavy chain or light chain.
conditions were required to successfully remove cysteinylation from two inserted cysteines. These data also indicated that undesired species, such as half-antibody and unconjugated antibody, existed but were eventually reduced to low levels during the reduction reaction. Thus, the reduction reaction did not contribute to the heterogeneity seen with the final ADC product.
Our data showed that the oxidation reaction successfully rebuilt the disulfide bonds between the two H and the disulfide bond between H and L. However, the oxidation step also generated undesired species such as half antibody, which accounted for approximately 10% of the final product from oxidation, and antibody with triple-disulfide bonds in the hinge region. During oxidation, an intrachain disulfide bond was formed in a single heavy chain, leading to the production of half-antibody. The half-antibody generated during oxidation was the main source of the half-ADC observed in the final ADC product. At the same time, the additional disulfide bond formed between the two inserted cysteines in the triple-disulfide bond structure generated during oxidation led to the generation of the unconjugated antibody observed alongside the final ADC at the end of the overall conjugation process. Different oxidation conditions produced different heterogeneity profiles, indicating the need to optimize these conditions carefully.
The time-course studies showed that the conjugation reaction successfully attached two drug payloads to the two inserted cysteines. However, this step also produced undesirable species in the form of underconjugated and overconjugated species, with DARs of 1 for the underconjugated species and 3 or 4 for the overconjugated ones. Because these species arose from conjugation equilibrium, increasing conjugation time would not change the final composition. At the same time, the unconjugated antibody generated during the oxidation step increased slightly during the conjugation process due to continuous oxidation.
The quench step contributed to the elevated level of fragments observed with the final ADC product. These elevated levels were the result of disulfide bond exchange reactions that occurred during the quench step, and this was confirmed by the appearance of additional peptide species and the consumption of corresponding peptides (Scheme II). Both GX data and nonreduced peptide map data showed the levels of these fragments reaching plateau, indicating that the disulfide bond exchange reaction eventually reached equilibrium. Generation of these fragments can be minimized by shortening the quenching reaction time.
We note that the heterogeneity discussed above and the impact on ADC activities are project-specific. Thus, the production of different ADCs may yield different types of heterogeneous species, and their impact on ADC biological activities should be evaluated for each molecule. However, the methodologies used to analyze ADC-associated heterogeneity and the use of time-course studies to understand the overall conjugation process will benefit all ADC developers. Understanding the chemical properties and reactions, such as stereoisomer structure, conjugation equilibrium, intradisulfide bond formatting, and disulfide bond exchange reactions, that contribute to ADC-associated heterogeneity will help ADC developers optimize their manufacturing processes, regardless of ADC project.
Materials and methods

Reagents and materials
Engineered antibody intermediate and the ADCs were produced by MedImmune (Gaithersburg, MD). Ammonium sulfate, sodium acetate N-Ethylmaleimide, sodium phosphate dibasic, sodium phosphate monobasic monohydrate, sodium chloride, formic acid, and trifluoroacetic acid (TFA) were obtained from Sigma-Aldrich. Urea (OmniPur), water (OmniSolv, HPLC, and spectrophotometry grade), acetonitrile (OmniSolv, HPLC and spectrophotometry grade), and isopropyl alcohol (OmniSolv, HPLC, and spectrophotometry grade) were obtained from EMD Serono. LysC was obtained from Promega. Dithiothreitol (no-weight format) was obtained from Pierce Protein Biology.
HIC
A Thermo MabPac HIC-10, 5 µm, 1000 A column (4.6 mm x 250 mm) was used for HIC chromatography. Mobile phase A consisted of 1.5 M ammonium sulfate and 20 mM sodium acetate, pH 5.0, and mobile phase B consisted of 20 mM sodium acetate, pH 5.0. ADC or mAb samples were diluted to 1 mg/mL in mobile phase A, and 50 µL were injected onto the HIC column. The column temperature was set at 30ºC. The sample was eluted in a gradient of 30% to 100% mobile phase B over 35 min at a flow rate of 1 mL/min. Eluted protein was detected by UV absorbance at a wavelength of 220 nm.
The challenge of developing HIC method comes from the separating of low-level unconjugated mAb (<2%) from the underconjugated ADC (peak 1 and 2, respectively, in the HIC method). These two species have similar hydrophobicity; hence, it is very challenging to separate them completely. Optimized separation was achieved by using appropriate salt concentration in mobile phase A.
DAR measurement by RP-HPLC
Each ADC or mAb sample was normalized to 2 mg/mL in HPLC water. Fifty μL of denaturing buffer (8 M guanidine HCl, 160 mM Tris, 1 mM EDTA, pH 7.6) and 2 μL of dithiothreitol (DTT) were added to 50 μL of each sample and incubated at 37ºC for 30 min. 10μL of each sample were injected onto a Waters BioResolve RP mAb polyphenyl column (2.1*150 mm, 2.7 µm, 450Å). Mobile phase A consisted of 0.1% TFA and water, and mobile phase B consisted of 0.1% TFA in acetonitrile. A gradient of 32.5% to 46.5% mobile phase B was run from 2 to 30 min at a flow rate of 0.5 mL/ min. The eluted protein was detected by UV absorbance at a wavelength of 280 nm. DAR and drug-load distribution were calculated based on peak areas.
Since a RP-LC method is used to measure the DAR, a critical quality attribute for ADC, the precision and accuracy are very important for this method. The peak purity of H0, H1, H1', and H2 has a significant impact on the accuracy and precision of the final DAR value calculation. Incomplete reduction will result in peaks splitting and overlapping, leading to inaccurate DAR values. Denatured condition was used to ensure complete reduction. Good separation is critical for this method, which was achieved by appropriate RP column and mobile phase and gradient combination.
nrCE-SDS analysis
ADC or mAb samples were denatured in a prepared sample buffer with 100 mM sodium phosphate and 4% SDS pH 6.0. Samples were diluted to 0.5 mg/mL in 50% v/v sample buffer, 5% v/v N-ethylmaleimide (300 mM stock), and water. Samples were then denatured on a heating block at 65°C for 5 min. Following denaturation, samples were spun at 13200 rpm to cool and collect condensate. Samples were loaded into microvials and placed in a Sciex PA800plus Capillary Electrophoresis system. The autosampler was set to 15°C for sample storage before testing. Data were collected through the 32 Karat Software, and then exported to Empower for data analysis.
SEC analysis
SEC analysis was performed by loading 200 μg of each ADC sample onto a Tosoh TSK-gel G3000SWxL column (7.8 mm x 30 cm) at 30ºC column temperature. The sample was eluted isocratically with a mobile phase composed of 0.1 M sodium phosphate, 0.1 M sodium sulfate and 0.05% sodium azide, pH 6.8, containing 10% isopropanol, at a flow rate of 0.8 mL/min over 22 min. Eluted protein was detected by UV absorbance at 280 nm.
AUC analysis
Sedimentation velocity experiments were performed on a Beckman Optima XL-I analytical ultracentrifuge. ADC samples were diluted to 0.5 mg/mL with reference buffer, and the resulting protein solution was loaded in a 12 mm centrifuge cell in the sample channel. Additionally, reference buffer was loaded into the reference channel of each cell. Loaded cells were placed into an AN-50Ti analytical rotor and equilibrated to 25°C. The samples were scanned under a rotor speed of 42,000 rpm at full vacuum while the optical density was measured at 280 nm. A total of 100 scans of each cell were collected for data analysis. The first scan of each sample was excluded to avoid artifacts caused by the meniscus.
GX analysis
Samples were first diluted to 2.0 mg/mL in 1 × phosphatebuffered saline containing N-ethylmaleimide. All samples and the protein ladder were heated on a heating block at 100°C for 2 min. Following denaturation, samples and the ladder were diluted with ultrapure water and loaded on a 96-well plate. The plate and a chip that contains the gel dye, the destain solution, and the protein express lower marker were placed into the LabChip GX System for analysis.
